The research on stem cell cultures has attracted much attention due to the recent development of regenerative medicine. Therefore, higher functionalities for devices used for culturing cells are strongly demanded. In this study, we fabricated cell culture sheets using transparent polyimide (PI), parylene (PA), and polyetheretherketone (PEEK) to make polymer materials that had microstructures. We then cultured stromal marrow cells (OP9) on them and investigated the cell alignment within the microstructures. Hot embossing was used to fabricate the microstructures with a width and depth of 5 μm on the polymer substrates. Cultivation of the cells was confirmed on the transparent PI and PA sheets, however, it was not observed on the PEEK sheet. Slight alignment of the cells was also observed along with the microstructures.
Introduction
In recent years, the research on stem cell cultures has been actively performed in order to generate cell populations for the functional recovery of human body parts lost by illness or injury [1, 2] . Polymer materials have attracted attention in this field because they have biocompatibility, good mechanical properties, and outstanding moldability. Moreover, polymers are flexible and cheap when compared to glass materials. Polymer materials are often used as cell culture sheets [3] , and polymer substrates with fabricated microstructures have been reported to support the culture of biological cells [3, 4] . Polymer materials in the form of elastomeric gels, porous bodies, films, and particles are suitable substrates for a biomatrix, and can be applied for the culture of complex living systems. In particular, the porous scaffold fabricated on the cells culture substrate promotes cell growth and survival and reproduces the three-dimensional environmental microcosm that is normally present in the living body [4] [5] [6] [7] [8] [9] .
These reports show that the cell culture is greatly influenced by the fabricated structure. Moreover, the porous scaffold has to have a structure that is appropriate for the intended purpose; the scaffold system has to have a small surface so that the seeding density of cells is at maximum.
Culture systems in which osteoblasts were grown in a straight-line structure made of PI, whose width and depth were 5 μm have been reported [10] . In this report, the substrate material used was PI alone and the fabricated structure was a linear shape. The culture of stromal marrow cells (OP9), interstitial cells generated from bone marrow, has been attracting research attention. This is because stromal marrow cells enhance growth factor production, and support multiplication and specialization of hematopoietic stem and precursor cells. Use of these cells has been applied through tissue engineering to generate blood and bone progenitors [4, [11] [12] [13] [14] [15] [16] [17] .
It is anticipated that fabricating fine structures and controlling the growth of different stem cells will allow the generation of sufficient cell populations for use in research or in the clinic setting. To this end, we thought to fabricate and evaluate a fine polymer-based structure in which cells can successfully align and proliferate. Polyimide (PI) has superior heat resistance, mechanical strength, and chemical stability. Therefore, PI is expected to withstand the high temperatures required for the sterilization process. PI-based microstructures have already been shown to be transferable by hot embossing and are therefore suitable for microelectromechanical systems (MEMS) fabrication processes [18] [19] [20] [21] [22] [23] . However, conventional PI is not transparent and has an opaque tan color, which would make it difficult to observe any cells cultured on PI sheets. Therefore, we focused on transparent PI, which recently became commercially available [24] .
In this study, we fabricated microstructures on cell culture sheets composed of transparent PI, PA, and PEEK, and cultured OP9 cells on them. Using the mold fabricated with micromachining process technology, a capillary vessel model was transferred to each polymer substrate, and cultivation evaluation of OP9 was performed. Comparisons were then made between transparent PI, PA, and PEEK. Hot embossing was also used to fabricate microtrenches with a width and depth of 5 μm on the polymer substrates.
Cell Culture Principle
In tissue engineering, it is important to grow cultured cells in an environment that reproduces the environmental microcosm in the living body artificially. It is expected that if this natural environment is accurately reproduced, the cells will exhibit functions similar to those it has in the living body.
Proteins work to promote cell activity [25] . If a culture solution is in contact with an artificial material, the protein in the liquid is first adsorbed onto the material surface. Any cultured cells are then in contact with the protein layer which is adsorbed on the material surface. The cells will then be adsorbed to the material surface through the protein layer, allowing them to extend. Cells in suspension fall onto the protein layer by gravity [26] . The cell and protein layer form physicochemical interactions, such as electrostatic interactions and hydrophobic bonds, which facilitate biological interactions between the integrins on the cells and glycoproteins in the protein layer thus promoting cell adhesion. Integrins near the fixed point form interactions to the adhesive glycoprotein in the protein layer further increasing the cell adhesion area. It has been reported that material surface conditions affect the adsorption of proteins to material surfaces greatly [27, 28] . When the material surface is hydrophobic, the amount of protein adsorption increases. When it is hydrophilic, the amount of protein adsorption decreases. In addition, when the material surfaces have electric charge, the amount of protein adsorption increases. Cells with a hydrophilic surface stick to a hydrophobic surface most. If there is an electric charge, more cells are adsorbed whereas fewer cells are adsorbed on a hydrophilic surface. So, the adsorption density of a protein can be controlled by modulating the functional group of the material's surface [29] . Therefore, it is possible to make a hydrophilic portion and a hydrophobic portion selectively, and to change the adhesion of cells selectively.
The fatty series, which are amino acid to constitute protein, nonpolar fellows, the aromatic series show hydrophobicity, and a polar chain, the electric charge chain shows hydrophilicity. In solution, a hydrophobic molecule avoids contact with a water molecule, and tries to gather mutually. Therefore, hydrophobic molecules are combined. In an electrostatic interaction, molecules with an electric charge act mutually. The amino acid that shows hydrophilicity acts with the inside of a molecule, or a water molecule, and generates gravitation and repulsion. Thereby, adsorption of the protein is controlled [30, 31] .
The process of cell culture uses aseptic techniques, for preparation of cells, selection of the culture medium with the cells, and culture of the cells. Asceptic techniques are also used when cell passages are performed. It is necessary to sterilize any experimental devices especially in animal and human experiments, to prevent contamination by microbes. Next, adjustment of the culture medium and the reagents is performed. A culture medium is selected according to the type of cell being cultured and is supplemented with an optimal dose of antibiotics. If cultured cells are adherent, they are detached from the cell surface by using the enzyme, trypsin. Seeding of the detached cells is performed by pipetting the cell suspension in fresh culture medium. Cells will reattach to the material surface and grow if the culture medium is adjusted appropriately. Also during cultivation, the pH of the culture medium inclines towards a basic pH under the atmosphere, therefore it is necessary to adjust the pH of the culture medium. Animal cells have a pH range between 6.6 and 7.8, and though they can survive in a comparatively wide pH range, the optimal range is usually 7.2 -7.4. Therefore, it is necessary to put the cells cultured in medium in a CO 2 incubator and to adjust the pH where it is not taken out other than for observation.
Experimental Conditions
We focused on the highly efficient polymer that has functionality, biocompatibility, appropriate mechanical properties, and high thermal resistance as a substrate material for cell culture sheets. In particular, we focused on transparent PI, PA, and PEEK polymers, which are currently used in the manufacture of medical devices. Four different fine micron-sized structures were fabricated on the cell culture sheets and compared. The sili-con (Si) mold was fabricated by photolithography and ICP dry etching which are MEMS manufacturing processes, while the hot embossing method was used to transfer the fine structure to the substrate material.
The plans for the cell culture sheet are shown in Figure 1 , and the design enlargement of the fine structure is depicted in Figure 2 . In the design of the cell culture sheet, the substrate size was the square of 4 cm 2 , and the line width and depth were 5 μm. The fine structure had a hexagonal structure with a different angle. The hexagon structure number was increased for every one line, and 25 lines of it were fabricated. Thus, the fabricated triangle structure had a gross structure. The angle of each triangle structure is 15˚, 30˚, 45˚, and 60˚. A length of one side is 100 μm with a 60˚ structure. The thickness of the cell culture sheets was 200 μm of transparent PI and PA; PEEK was 250 μm. OP9 cells were cultured on the structures in Alpha-MEM containing 20% fetal bovine serum. Alpha-MEM is a culture medium for cell cultures requiring L-alanyl and L-glutamine. It is used for stromal marrow cells cultivation and mesenchymal stem cell cultivation. Since fetal bovine serum contains a protein that promotes cell adsorption, it is suitable for cell culture. The conditions of the CO 2 incubator were kept at 37˚C, and 5% of CO 2 concentrations similar to in vivo mammalian conditions.
Experiment Method

Cell Culture Sheet Production Process
The manufacturing process that was used to generate the fine structure Si mold is shown in Figure 3 . Spin coating of the photoresist (s-1830) was performed on the Si substrate, and prebake was performed for 20 minutes at 90 ˚C. Next, exposure was performed using the photomask with the fine patterns, and these patterns were transferred using a developing solution (MF-319). Then, posts bake was performed for 30 minutes at 120˚C, and Si was etched by ICP dry etching. The photoresist was removed with acetone, to complete the mold.
The hot embossing fabrication methods are depicted in Figure 4 . The substrate polymer materials and the Si mold were heated beyond the glass transition temperature. The mold was then pressed onto the substrate, and was released after cooling. The hot embossing time was 180 s, and a molding pressure of 400 Pa was applied to an area of 4 cm 2 . The molding temperatures were 300˚C for transparent PI, 260˚C for PA, and 180˚C for PEEK, respectively.
The cell culture sheets fabricated are shown in Figure  5. 
Cell Culture Process
The outline of the cell culture process is described in Figure 6 . The polymer sheets underwent dry heat sterilization for 60 minutes at 120˚C. When putting in the polymer sheets in dry heat sterilization, they were packed in aluminum foil. Since OP9 cells adhered to the cultivation vessel, it was necessary to exfoliate it from vessel. Therefore, the culture medium was aspirated. OP9 cells were washed in phosphate-buffered saline twice to remove serum ingredients. To phosphate-buffered saline, in order to prevent contamination, the antibiotic (penicillin-streptomycin) was mixed. After washing, phosphatebuffered saline was aspirated. In addition, the cells were re-adhered on the substrate through the protein layer. The protein which adhered to the vessel promoted the adhesion of the cells. Thereafter, attachment-enhancing proteins were digested by trypsin. Since trypsin damages cells, processing time was minimized, and only a small quantity was used. During trypsinization, the cells were placed in a CO 2 incubator to maintain the pH. Cells were then pipetted up and down to make an evenly distributed cell suspension. Pipetting was only performed about 3 -10 times so as not to damage the cells. The sterilized cell culture sheets were placed onto a nutrient medium. The OP9 cells were then seeded on the sheets, placed in the CO 2 incubator, and cultured for 24 h.
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Results and Discussion
The distribution of OP9 cells on each substrate material is shown in Figure 7 . The defect, which occurs in the portion that the channel intersects as the arrow shows, is a defect of the substrate, which occurred when removing the mold from the substrate. The cells on the sheets were evaluated optically. No special surface treatment was applied, and the surfaces of these polymer sheets were used as received from the manufacturer. OP9 cells were successfully cultured on the transparent PI sheet and PA sheet, but not on the PEEK sheet. Because the PI and PA sheets were transparent, the cultured cells were easily observed using an optical microscope. Figure 8 shows the contact angles between these polymer films and DI water. The surfaces of the transparent PI and PA were sufficiently hydrophobic to culture OP9 cells, whereas the PEEK sheet was not.
Comparison examination of the culture results of transparent PI and PA were performed. The culture results of OP9 cells on transparent PI and PA substrate are shown in Figure 9 .
As shown in Figure 9 , the cultured cells were able to align to the fine structure. Comparing the transparent PI and PA, the transparent PI showed growth of more cells than PA did. Cell adhesion on the inside channels of the fine structure was not observed. If a microstructural area was large, the number of cells that adhered within an area seemed to increase.
Transparent PI was most suitable for cell cultivation once each polymer material was evaluated. Cells were also successfully cultured on PA but not on PEEK. For this reason, the relationship between protein adsorption and cell adhesion should be considered. The surface conditions of the polymer materials used in this study, suggest that transparent PI is near hydrophobicity and PEEK is near hydrophilicity. One possible solution for this is to increase the charge or hydrophobicity of the substrates surface by using a plasma treatment. This would increase protein adsorption and promote cell adhesion.
Cell alignment with the fabricated fine structure was observed slightly. This brings to light an issue with the culturing method. When putting cells into a cultivation vessel, seeding of cells are performed as a whole, but since cells fall by gravity, there is a stochastic change to how they adhere. It may be that because the culture surface is a larger vessel as compared to the substrate, cell adhesion to the substrate decreases stochastically, and obstructs adhesion to the structures alignment. Moreover, it could also be that because the area of the fabricated hexagon structure is large and cell adhesions to the structures decreases stochastically. As a solution, a fine structure should be reexamined, with a hydrophilic portion and a hydrophobic portion selectively arranged on the structure, and it is possible to control adhesion of cells near the structure. In addition, the number of cells in a container was about 80,000 per 200 μl, and it is possible that number of cells was insufficient. Shortage of sterilization processing should also be considered. It is neces-sary to improve the sterilization and to perform more thorough sterilization processing. Moreover, the 24 h culture time used in this study may have been too short, and this should be taken into consideration when interpreting the results.
Conclusion
We evaluated a transparent PI film as a cell culture sheet in comparison with PA and PEEK films that had been previously used in cell culture sheets. We fabricated microtrenches with a width and depth of 5 μm on these polymer films by hot embossing, and then cultivated OP9 stromal marrow cells on the sheets. The culture results of each substrate material were compared and culture in cells was able to be observed by the transparent PI and PA substrate, but was not observed in a PEEK substrate. Transparent PI had the most optimal structure for cell culture. Interestingly, the cells adhered in slight alignment to the fabricated fine structure. Since the cell adhesion to the fine structure was observed, it may be possible to cultivate in accordance with structure by improving experimental conditions. The cells grown on the transparent PI were easily observed using an optical microscope.
